Our entire galaxy, like all others, originated as a fairly smooth patch of binding energy, which in turn originated as a single quantum perturbation of the inflaton field on a subatomic scale during inflation. The best preserved relic of these perturbations is the anisotropy of the microwave background radiation, which on the largest scales preserves a faithful image of the primordial quantum fields. It is possible that close study of these perturbations might reveal signs of discreteness caused by spacetime quantization.
combinations of parameters of the field Lagrangian. The data on anisotropy provide by far the most precise data we have on the structure of fundamental forces on such small scales (albeit, the information is limited in scope to a few special combinations of parameters).
Indeed, the theory extrapolates the basic theoretical framework tens of orders of magnitude from any other experimental data, which leads to some healthy scepticism about whether we ought to believe it at all. In some situations (in particular, if inflation occurs close enough to the Planck scale to produce detectable and separable tensor perturbations due to graviton fluctuations, in addition to the scalar modes that lead to galaxies), we may be able to implement a more detailed test, for example, a comparison of the relative amplitude of scalar and tensor mode perturbations with the slope of the spectrum [21, 22] . However, for plenty of choices of parameters the field theory framework predicts only unobservable departures from scale-invariant, random Gaussian noise.
II. HOLOGRAPHIC INFORMATION BOUND AND QUANTUM DISCRETENESS OF ANISOTROPY
It has always been acknowledged that standard inflation theory is only itself an approximation, because it does not include quantization of spacetime itself-and for good reason, since there is not yet a widely accepted theory of quantum gravity. On the other hand, there are now some definite quantitative results in quantum gravity: the dimension of the Hilbert space is known or bounded, giving bounds on the total entropy and information accessible to all configurations of all fields, including the quantum degrees of freedom of the spacetime itself. Instead of having an arbitrary zero point, entropy can now be defined in absolute terms. In other words, there are absolute limits on how many different things can happen within the confines of any given region.
This in turn imposes bounds on everything during inflation, including the behavior of free quantum fields. Their modes are not truly and fundamentally independent as assumed in the standard picture, nor do they have an infinite Hilbert space. This is a radical departure from the foundations of field theory, but it is required if we wish to include spacetime as a quantum object in the fundamental theory, in particular one that obeys unitary evolution without fundamental loss of information.
Consider for example the thought experiment of a black hole that forms, then evaporates via Hawking radiation [23] [24] [25] [26] [27] [28] . If the whole process is unitary [29] [30] [31] [32] , then the states of radiated particles depend in detail on how the hole was formed. Indeed, running things backwards in time, carefully assembled 1 incoming particles would form a small black hole that grows and then disassembles by throwing out any particular macroscopic objects-TV sets, whateverthat went into the hole. This is only possible if the spacetime metric encodes at a fundamental level the information equivalent to the radiated entropy. The entropy is known from thermodynamic arguments to be one quarter of the area of the event horizon in Planck units. Since a black hole is the highest entropy state attainable by any amount of mass/energy, one is led to the "Holographic Principle" [33] [34] [35] : for any physical system, the total entropy S within any surface is bounded by one quarter of the area A of the surface in Planck units (adoptingh = c = G = 1). This is an "absolute" entropy; the dimension N of the Hilbert space is given by e S , and the total number of distinguishable quantum states available to the system is given by a binary number with n = S/ ln 2 = A/4 ln 2 digits [36] .
A holographic bound can also be derived for the universe as a whole [37] [38] [39] [40] [41] [42] . Because the cosmological solutions do not have the asymptotically flat infinity of the black hole solutions for defining particle states, the bound has a somewhat different operational meaning, referring to an "observable entropy". The cosmological version [43, 44] of the holographic principle is: the observable entropy of any universe cannot exceed S max = 3π/Λ, where Λ is the cosmological constant in Planck units. In a de Sitter universe, as in a black hole, this corresponds to one quarter of the area of the event horizon in Planck units, but the bound is conjectured to hold for any spacetime, even FriedmannRobertson-Walker universes with matter as well as Λ. The inflationary part of our spacetime closely resembles a piece of a de Sitter universe, so there is a bound on the observable entropy of all quantum fields during inflation:
where H is the expansion rate during inflation. That means that all the modes of all the fields have the same size Hilbert space as a system of n = π/H 2 ln 2 binary spins. The value of H during inflation is not known, but the field theory predicts that graviton fluctuations are produced with amplitude ≈ H, leading to tensor perturbations of the metric and anisotropy with amplitude δT /T ≈ H; since the observations with δT /T ≈ 10 −5 are dominated by scalar perturbations, we currently have a bound around H ≤ 10 −5 . (This bound will improve with the advent of experiments with better sensitivity to polarization that can separate tensor and scalar components [45] ). In round numbers then, the universe during inflation has a Hilbert space equivalent to at least 10 10 spins. That is unquestionably a large number, but then again it is much smaller than the infinite Hilbert space of the field theory description. It is also much smaller than the Hilbert space of other astrophysical systems, such as stellar-mass black holes.
The most interesting question is, can we detect any observable effect of the finite Hilbert space on the fluctuations? We derive some hope from the fact the the microwave background experiments have such a high precision, and that the effects of various complicated astrophysical foregrounds have been successfully removed to reveal the simple, cleanly modeled perturbations in the cosmic last scattering surface.
To get one very rough estimate of the possible amplitude of the effect, consider the following crude model. Pay attention only to one set of modes, those five independent components that contribute to the observed quadropole moment of the anisotropy. These perturbations are created by (and are amplified images of) quantum fluctuations around the time that the current Hubble length passed through the inflationary event horizon; the amplitude of the observed temperature perturbation traces in detail a quantity which is proportional to the amplitude of the quantum field. Imagine that these modes contain all of the information allowed by the cosmological holographic bound, and further that they are literally composed of n pixels on the sky, each of which represents a binary spin. For the maximal value H ≈ 10 −5 (the maximum allowed by the tensor-mode limits), there would be of order 10 10 "blackand-white" pixels, corresponding to a pixel scale of only a few arc seconds.
2 This level of discreteness would not be observable in practical terms, for two reasons: the last scattering surface is much thicker than this (which smears out the contribution of many pixels due to optical transfer and acoustic effects at a redshift of about 1000), and there are many other modes on a smaller scale superimposed.
On the other hand, at least one important assumption in this estimate is likely to be wrong by orders of magnitude: the modes on the horizon scale probably carry only a small fraction of the holographic information bound. At any given time, most of the information is in much smaller wavelength modes. A toy model of spacetime discreteness [46] suggests that the Hilbert space of the horizon-scale quantum perturbations is equivalent to at most only about 10 5 binary spins. (This number is determined not the tensor-mode limit on H, but by the inverse of the observed scalar perturbation amplitude). This in principle may produce observable discreteness, since the all-sky cosmic background anisotropy includes about 10 4 independent samplings of inflationary fields (determined by the angular size of the horizon at last scattering). Now the idea that there are literally binary pixels is also silly, and was used here only for illustrative convenience. In fact we have no clear idea of the actual character of the holographic eigenstates projected onto the inflaton perturbations; we have only the counting argument to guide us. In [46] , a toy model assumed that H and δT come in discrete levels, but this again was only for calculational convenience. In the absence of a more concrete theory of the nature of the holographic modes, it makes sense to consider a variety of tests on the data to seek departures from the field-theory prediction of a continuous, random Gaussian field. The most straightforward check will be to test whether the amplitudes of the harmonics A m come in discrete values rather than being selected from a random continuous Gaussian distribution. Although this test could already be performed fairly reliably using the all-sky COBE satellite data [47, 48] , it will become much more powerful using the all-sky data from the MAP (and later PLANCK) satellites, which will have much finer angular resolution capable of cleanly resolving modes far below the horizon scale at recombination (a level already reached in ground-and balloon-based experiments with limited sky coverage). The high quality of this data will let us search for true quantum-gravity effects.
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